Background: Sufficient coronary perfusion pressure (CPP) to provide myocardial reperfusion is required for defibrillation success after prolonged ventricular fibrillation (VF) cardiac arrest. Chest compression interruptions cause a precipitous drop in CPP. Objective: To quantify the extent to which CPP recovers to pre-pause levels following chest compression interruptions. Methods: This was a secondary analysis of data from two similar IACUC approved protocols. A total of 105 Yorkshire swine were included and VF was electrically induced. After 10 minutes of untreated VF in the first study (n = 52) and 12 minutes of untreated VF in the second (n = 53), CPR began and epinephrine was administered approximately 2 minutes prior to a planned 10-second pause to record an artifact-free ECG waveform segment. Following this pause, CPR was resumed for 20-seconds prior to defibrillation. CPP data were extracted from three time points: 2 minutes after epinephrine delivery (CPP1); following the chest compression pause (CPP2); and immediately before defibrillation (CPP3). Our primary outcome was defined as the ratio of CPP recovery 
Introduction
The importance of myocardial reperfusion, denoted by the achievement of a threshold coronary perfusion pressure (CPP), to defibrillation success beyond the electrical phase of ventricular fibrillation (VF) has been well established [1] - [15] . When chest compression interruptions occur during cardiopulmonary resuscitation (CPR), there is a precipitous and sustained loss of CPP [16] [17] . The aim of this study was to quantify the extent to which the decline in CPP values during an interruption in chest compressions for electrocardiogram (ECG) rhythm analysis can be restored with a short period of CPR prior to defibrillation. Our hypothesis was that a pause in chest compressions would lead to a precipitous drop in CPP values, but that delivering 30 chest compressions prior to defibrillation would restore a substantial proportion of the decay in CPP.
Methods
This was a secondary analysis of prospectively collected data from two similar IACUC approved protocols. Animal handling and all surgical procedures were in strict compliance with the NIH Guide for the Care and Use of Animals. Both studies were conducted in our USDA-certified laboratory. A total of 105 female Yorkshire swine (weighing 30 -35 kg) were included. From the first study, data from both the experimental (Group A [n = 26]) and control (Group B [n = 26]) groups were used because the groups were similarly treated [18] . From the second study, only the animals in the control group (Group C [n = 53]) were included because the treatment (n = 27) group received non-standard resuscitation medications that differed substantially from the other 3 groups. Both studies were included in the analysis to increase the generalizability and clinical application of our results.
The animal preparation methods for these experiments have been previously described in detail [18] . In both studies, animals were instrumented under general anesthesia after an intramuscular TKX [telazol (5 mg/kg), ketamine (2.5 mg/kg), and xylazine (2.5 mg/kg)] for sedation. The lead II electrocardiogram (ECG), as well as the arterial and venous pressures were monitored and recorded continually throughout the procedures. All data were acquired digitally at a sampling rate of 1000 points/second with a commercially available software package (Chart for Macintosh, AD Instruments, Colorado Springs, CO). Induction of VF was accomplished by delivering a three second, 60 Hz, 100 mA AC current externally across the thorax and mechanical ventilation was suspended.
After 10 minutes of untreated VF in the first study and 12 minutes of untreated VF in the second, resuscitation commenced with initiation of precordial chest compressions. Cardiopulmonary resuscitation was standardized in all groups by use of a pressure-driven mechanical resuscitation device (Thumper, Michigan Instruments, Grand Rapids, MI). Chest compressions were done at a rate of 100 compressions per minute, and a 50% duty cycle. Animals in Group B (n = 26) had continuous uninterrupted precordial chest compressions at 100/minute with no active ventilations or supplemental oxygen [18] . The compression to ventilation ratio in the other two groups (n = 79) was 30:2 with a 1.0 F i O 2 . To minimize chest wall trauma, the compression depth was gradually adjusted over 20 seconds to generate peak aortic pressure spikes of 40 -50 mmHg (1.25 -2 inches in depth). The duration of drug-free CPR varied by protocol ( Table 1) .
The animals in all three groups were given a premeasured standard (0.01 mg/kg) or high dose (0.1 mg/kg) of epinephrine approximately 2.0 minutes prior to a planned 10-second resuscitation pause to record an artifact-free segment of the ECG tracing for offline VF quantitative waveform analysis [19] (Figure 1(a) ). This pause was immediately followed by 30 compressions to further circulate the vasopressor and to restore CPP before the first rescue shock (RS) was delivered. If the RS failed, CPR resumed immediately, additional vasopressors were given, and the sequence repeated. Each rescue shock was delivered at a fixed dose of energy (120 J) with a proprietary Rectilinear Biphasic TM defibrillation waveform (E Series TM , Zoll Medical Corp., Chelmsford, MA) through adult sized defibrillator pads (Adult Plus multifunction electrode pads, Philips Healthcare, Andover, MA).
The CPP for all subjects was computed as the arithmetic difference between the time-coincident aortic diastolic pressure and the right atrial pressure measured at the end of the relaxation phase of the duty cycle. Only the first RS attempt in each animal was examined. The values for analysis were extracted at three time points: 2 minutes after epinephrine delivery (CPP1); at the end of the 10-second pause (CPP2); and immediately before defibrillation (CPP3) (Figure 1(b) ). A single investigator (TJM) was responsible for all CPP data extraction, recording, and analysis.
The primary outcome variable was defined as the ratio of CPP recovery with resuming chest compressions after the 10-second pause (CPP3-CPP2) to the drop in CPP during the 10-second pause (CPP1-CPP2). Means and 95% confidence intervals were calculated for the main outcomes. All of the statistical calculations were performed using commercially available software (Stata/SE v. 11.0, College Station, TX). All data were assessed using descriptive statistics. Table 1 summarizes the characteristics of the cohort. The three groups were mathematically the same. The study findings are presented in Table 2 . Overall, the pause in chest compressions lasted 12.8 seconds during which time an artifact-free segment of the ECG tracing was recorded for off-line analysis. Interrupting chest compressions to analyze the ECG VF rhythm caused a significant drop in CPP from 29.8 mmHg to 6.8 mmHg. Resuming CPR for 20 seconds prior to RS delivery restored 83% (95%CI: 78%, 86%) of the CPP lost during the CPR interruption. This is presented graphically in the box plot (Figure 2 ).
Results

Discussion
The generation of CPP adequate to provide myocardial reperfusion (typically quoted as 15 -25 mmHg) after prolonged VF cardiac arrest is critical to defibrillation success [1] - [15] . The delivery of high quality continuous chest compressions during CPR provides cerebral and myocardial blood flow and increases the probability of survival after sudden unexpected collapse [20] [21] . Conversely, poor quality chest compressions with excessive [18] . The epinephrine was actually injected through a central venous line and flushed with a large volume of normal saline. Following 7 sets of precordial chest compressions and ventilations at a ratio of 30:2, a planned 10-second CPR pause allowed for recording of an artifact-free segment of the ECG channel. This pause was immediately followed by another set of precordial chest compressions to restore CPP before the first RS was delivered. The time from CPP3 to RS 1 is ~1.5 sec; (b) An enlargement of the tracing surrounding the pause illustrates the 3 points at which the CPP measurements were extracted in relation to the timing of the first RS. interruptions lowers the chances of terminating VF and achieving return of spontaneous circulation (ROSC), which hinders survival [22] - [24] . Some chest compression interruptions (i.e., to perform procedures, for automatic or visual ECG rhythm analysis, and to perform defibrillation) may be unavoidable. We have previously examined the effect of a brief preshock pause (PSP) in precordial chest compressions on CPP decay in 120 swine after prolonged VF and noted a precipitous and sustained loss of CPP [17] . Overall, the mean CPP in that study decreased from 23.4 to 7.6 mmHg (a 68% drop) following a median PSP of just 4.1 seconds. In the current study, we again noted a substantial decline in mean CPP from a pre-pause value of 29.8 mmHg to a low of 6.8 mmHg (a drop of 77%) after 10 seconds of interrupting CPR, but then go on to describe the extent to which CPP can be restored with a set of precordial chest compressions prior to defibrillation.
To our knowledge, this is the first study to describe the effect of resuming precordial chest compressions after a brief pause in CPR to restore CPP prior to defibrillation. The importance of this observational study to human VF cardiac arrest resuscitation and whether or not this intervention might translate into greater RS success, higher rates of ROSC, and improved survival remains to be determined.
In this regard, research published by Sato et al. [16] , may provide some insights. Using a murine VF cardiac arrest model, their team randomized animals to a PSP of 0, 10, 20, 30, or 40 seconds after four minutes of untreated VF. Those with no delay between CPR and defibrillation had a mean CPP of 26 ± 2 mmHg and 5/5 achieved ROSC while 4/5 survived to 24 hours. In the group that had a 10-second pause between CPR and defibrillation, the mean CPP was 6 ± 3 mmHg (coincidently, a 77% drop) at the time of defibrillation and 3/5 achieved ROSC but only 2/5 survived to 24 hours. Longer delays between CPR and defibrillation resulted in similarly low CPP values (4 ± 2, 4 ± 4, 4 ± 4 mmHg, respectively) at the time of defibrillation but statistically significant lower rates of ROSC (3/5, 1/5, 0/5, respectively) and 24-hour survival (0/5, 0/5, 0/5, respectively). These data suggest that the CPP at the time of defibrillation rather than a threshold CPP value exceeded [10] , maximum CPP achieved [15] , or cumulative CPP dose delivered [25] prior to defibrillation is important to RS success.
Limitations
There are several important limitations to this study. First, this was a retrospective analysis of pooled data from studies using a swine model of prolonged VF arrest using young healthy animals. How well our findings apply to human cardiac arrest is debatable given the co-morbidities of the typical cardiac arrest patient, which have profound effects on the cardiovascular system. Second, VF in our animal model of cardiac arrest was electrically induced while ischemic VF may be more clinically applicable. Finally, all data points were extracted by a single investigator (TJM), however to minimize bias, pressure measures were taken from a consistent predetermined point on each tracing leaving little room for discretion.
Conclusion
This observational study using experimental swine data demonstrates that 83% of the decline in CPP values during a planned 10-second interruption in CPR can be restored with a short period of precordial chest compressions prior to defibrillation. The importance of these findings to human VF cardiac arrest resuscitation remains to be determined. Pending further investigation, it appears advisable to provide a brief period of chest compressions prior to defibrillation to restore CPP after an intentional or inadvertent pause in CPR of more than a few seconds duration.
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